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5.1 OVERVI EW

Plutoniumis a radi oactive el enent produced by neutron capture and
beta decay of uranium 238 (or other elenents), both naturally (in
m nuscul e anpbunts) and as a result of human activities. Plutoniumis
found in the environment in the formof several isotopes. The source of
pl ut oni um can be traced based on the isotope or isotopes detected in a
sanple. Plutoniumis found naturally in uraniumrich ores in
concentrations of one part per 1Or parts uranium (i.e., 1x10" kg
p! ut oni unm kg urani un) (Leonard 1980).

The principal plutoniumisotopes used in conmerce and by the
mlitary are plutonium 238 and pl utonium 239. These two i sotopes are
used because of their ease of production and their relatively long halflives.
Pl utonium 238 is used in thernoel ectric generation systens in
spacecraft, cardi ac pacemakers, and other power sources (Harley 1980;
NEA/ OECD 1981). Pl utonium 239 and -240 are produced in nucl ear power
plants as a product of nuclear fission as well as in production
facilities for use in nuclear weapons.

Possi bl e sources of plutoniumto the environnment include: weapons
testing, accidents involving weapons transport, nuclear reactors and
radi oi sot ope generators, fuel processing and reprocessing, and fuel
transport (NEA/ CECD 1981). Plutonium 239 is generated in irradiated
urani um fuel when neutrons are captured by uranium 238 nucl ei. Sone of
the plutonium 239 is consumed during the operation of the reactor.
Producti on of plutonium by nucl ear reactors generating electricity and
by weapons production was estimted at 3.8x10° kg in 1978 (NEA/ OECD
1981).

At nospheric testing of nuclear weapons has been the main source of
pl ut oni um di spersed in the environnment. Accidents and routine rel eases
from weapons production facilities are the primary sources of |ocalized
contam nation. Consuner and nedi cal devices containing plutoniumare
seal ed and are not likely to be environnental sources of plutonium (WHO
1983). Plutoniumrel eased to the atnosphere reaches the earth's surface
t hrough wet and dry deposition to the soil and surface water. Once in
these media, plutoniumcan sorb to soil and sedi nent particles or
bi oaccunmul ate in terrestrial and aquatic food chai ns.

According to the NPL database (VIEW 1989), plutonium has been
identified above background | evels at five NPL sites. Plutonium 238 has
been identified at three of these sites, plutonium?239 at five sites,
and plutonium 240 at one site. The frequency of these sites within the
United States can be seen in Figure 5-I
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5.2 RELEASES TO THE ENVI RONVENT
5.2.1 Ar

Ant hr opogeni ¢ (nan-made) rel eases of plutoniumare the primary
sources of plutoniumto the atnosphere. Atnospheric testing, fires
i nvol ving plutoniumcontaining materials, and routine rel eases due to
normal activities at processing and generating plants are all potenti al
sources of airborne plutonium Resuspension of plutoniumsorbed to
contam nated surface soils via fugitive dust em ssions is an indirect
pat hway by whi ch plutoniummy be re-released into the atnobsphere
(Harl ey 1980).

Pl ut oni umrel eased during nucl ear weapons testing is the | argest
source of plutonium 239 and -240 in the environnent (Harley 1980).
Approxi mately 320 kG (1.2x10" Bg) of plutonium 239, -240 and 9 kG
(3.3x10" Bg) of plutonium 238 have been rel eased to the at mosphere by
nucl ear tests and distributed worl dwi de (Ei senbud 1987). Concentrations
of transuranics introduced into the environnment through underground test
venting, accidents involving United States nuclear weapons, and rel eases
during weapon production operations have been negligible in conparison
with those rel eased during atnospheric testing of nuclear explosives in
t he 1960s (Facer 1980).

In April, 1964, a Transit Navigational Satellite was |aunched in
California with a payload that included a Satellite for a Nucl ear
Auxiliary Power Generator (SNAP-9A) containing 17 kG (6.3x10" Bq) of
pl ut oni um 238. The rocket systemfailed and the satellite reentered the
at nosphere in the Southern Heni sphere and burned over the Indian Ocean
at an altitude of about 50 km (Harley 1980). The destruction of the
SNAP-9A resulted in the |argest single release of plutonium238 to the
at nosphere, primarily in the formof very small oxide particles (Harley
1980) .

Research facilities and plants have al so rel eased plutoniumto the
at nrosphere. For exanPIe, the Mound Plant in M anisburg, Onhio, rel eased
about 0.03 kCi (1x10°Bqg) to the atnosphere fromthe beginning of its
operation through 1976 (NEA/ CECD 1981). A conmercially operated
reprocessing plant in Wst Valley, New York, has reportedly rel eased
0. 000005 kG (1.7x10°Bg) to the atnosphere over the course of 6 years
( NEA/ OECD 1981) .

5.2.2 Water

Fal | out from atnospheri c weapons testing, accidents involving
nucl ear weapons, planned as well as accidental reactor effluent
rel eases, and di sposal of radioactive wastes are all means by which
pl ut oni um can be introduced into water systens (Harley 1980; NEA/ CECD
1981). In a typical 1,000 negawatt electric (MA) |ight water reactor
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in a nucl ear power plant about 200 kg of plutonium][equivalent to 13 kCi
(4.8x10" Bq); one curie of plutonium239 - 16g] are generated per year
of operation in the spent fuel (NEA/ OECD 1981; Facer 1980).

Cont am nat ed cool i ng wat er contai ni ng plutoniumfrom nucl ear production
facilities may have been discharged into oceans or rivers. If release
occurs fromwaste containers, buried radi oactive wastes may mgrate or
seep into groundwater (NEA/ OECD 1981). As an exanpl e of pl ant

em ssions, the Mound Plant in M am sburg, Chio, discharged a total of
about 0.0005 kG (1.9x10"Bqg) plutonium?238 into a river near the site
fromthe beginning of its operation through 1976 (NEA/ OECD 1981).

In January, 1968, while attenpting to nake an energency | anding, a
United States mlitary aircraft with four nucl ear weapons on board
crashed in Thule, Geenland. The inpact resulted in detonation of the
hi gh explosives in all four nuclear weapons aboard. The oxi di zed
pl ut oni um was di spersed by both the explosion and the fire involving the
fuel in the jet (Harley 1980). Amounts of plutoniumrel eased to the air
in this accident have been estimated at 0.024 kG (9x10" Bqg) of
i nsol ubl e pl ut oni um (NEA/ OCECD 1981). . The maxi num concentrati on of
pl utoniumin ocean sedinents was found 1 kmfromthe point of inpact.
The sedi nment - bound pl utoniumwas found to migrate both dowward in the
sedi ment colum and horizontally fromthe point of inpact. The
concentrations decreased with distance fromthe point of inpact.

Sedi nents can act as both a repository for and a source of
wat er bor ne plutonium Atnospheric fallout reaching surface water can
settle in the sedinents. The plutoniumin the ocean sedinents at Bikini
Atoll, for exanple, was found to be resuspended and rel eased to the
bottomwaters (Schell et al. 1980). In a freshwater waste pond at the
Hanford reactor, plutoniumwas found to be bound to the sedi nents and
was not available for uptake by plants or animals in the pond (Enery et
al. 1980). The difference between the observations in the two
ecosystens may be due to the dynanic nature of the ocean water near
Bi kini Atoll versus the relatively static nature of a waste water pond.

5.2.3 Soi

Pl ut oni um has been detected in extrenely snmall anounts as a
naturally occurring constituent of some ninerals and ores. Urani um and
thorium ores in Canadi an pitchbl ende, Bel gi um Congo pitchbl ende,

Col orado pitchbl ende, Brazilian nonazite, and North Carolina nonazite
have been found to contain plutonium 244 at a weight ratio of up to
9.1x10"* kg pl utonium kg ore (Leonard 1980).

Soils may becone contam nated fromfall out associated with nuclear
weapons tests, such as those conducted at the Trinity Site in southern
New Mexico, the Pacific Proving Ground at the Enewetak Atoll, and the
Nevada Test Site or with accidental, non-nuclear detonation of nuclear
weapons, such as occurred at Pal omares, Spain. Research facilities,
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such as the Los Al anbs National Laboratory, Los Al anps, New Mexico, my
rel ease treated radi oacti ve wastes under controlled conditions.
Production facilities, such as the Hanford and Savannah Ri ver Plants and
experinmental reactor stations, for exanple, the Idaho Nati onal

Engi neering Laboratory, Idaho Falls, |daho, also released treated

pl ut oni um bearing radi oactive wastes under controlled conditions to

soi ls (Hanson 1975).

At nospheric weapons testing fallout has been a gl obal source of
transuranics, including plutonium in soils (Harley 1980; NEA/ CECD
1981). It has been estimated that approximately 100 kG (3. 7x10" Bq)
of plutoniumfrom weapons have been distributed globally from al
testing sources and could be environnmentally available. O that anount,
approximately 1.0 to 10 kG (3.7x10"to 3.7x10* Bq) were deposited on
test site surface soils in the United States (Facer 1980).

Several of the major nuclear facilities in the United States use
p! ut oni um and sone of these have rel eased plutoniumto the environment.
These rel eases have taken place at renote sites and generally have not
been neasurabl e outside the plant property. Approximtely 0.002 kC
(7.4x10" Bg) of plutonium have been disposed in the Los A anps Nati onal
Laboratory canyon waste di sposal sites (Harley 1980). The Savannah
River Plant, A ken, South Carolina, has released a total of 0.005 kG
(1.6x10" Bg) of plutoniumto local soil (Harley 1980). Leakage of
stored waste rel eased between 0.01 and 0.1 kG (3.7x10" and 3. 7x10" Bq)
of plutoniumto the soil over a period of several years at the Rocky
Flats facility, Colden, Colorado (Facer 1980). A break in a waste
transfer line caused the rel ease of about 0.3 kG (1.1x10"Bqg) of
pl utoni um 238 at the Mound Plant, M am sburg, GChio, in 1969 (Facer
1980) .

Afire on May 11, 1969, occurred at the plutonium processing
facility at Rocky Flats, Colden, Colorado. Subsequently, a study of the
pl utonium content in off-site soils was perforned. The results of the
study indicated that the plutoniumfound off-site was due, primarily, to
smal |l emi ssions fromthe facility rather than to the fire, and that a
total of 0.003 kG (9.6x10" Bqg) of plutoniumwas deposited in soils
wthin a7 mle radius fromthe facility (E senbud 1987).

Anot her source of soil contanination at Rocky Flats was the | eakage
of plutonium contam nated oil. Plutoniumwas present as the dioxide
when it was rel eased. The di oxi de was then adsorbed to the soil.
Fugi tive dust eni ssions caused plutoniumcontam nated soil to be
distributed away fromthe spill. Mst of the plutoniumremrmained on the
surface, although sone was rel eased and migrated downward through the
soil colum (Little and Wi cker 1978).

A United States mlitary aircraft carrying four nuclear bonbs
collided with a tanker aircraft during refueling in Palonares, Spain, in
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January, 1966. The bonbs broke free of the airplane and the high

expl osive in two of the weapons detonated when the bonmbs hit the ground.
Initial surveys showed that 0.00003 G piutoniumnf (1.2x10° Bg/nf), in
the formof a finely powdered dioxide, were spread over 2 hectares

(20, 000 nf) (Harley 1980).

5.3 ENVI RONMENTAL FATE
5.3.1 Transport and Partitioning

Pl utoniumenters the environnent primarily through rel eases to the
at mosphere or direct discharge to ponds, streans, or oceans. Em ssions
to the atnosphere will result in plutoniumfallout. In the case of
weapons testing, approximately one-fifth of the plutoniumrel eased falls
on the test site (Harley 1980). The rest is carried in the atnosphere,
adsorbed to particulate matter and is transported back to earth via dry
or wet deposition. Once plutoniumis deposited either on the [ and or
surface water, sorption to soils or sedinents is the primry
environnmental fate of plutonium A snmall fraction of plutoniumreaching
the soil will becone solubilized either through chem cal or biologica
processes, depending upon its chemical form In soluble form plutonium
can either mgrate in groundwater or surface water or be available for
upt ake into plants.

At nospheric rel eases of plutoniumoccur as a result of nuclear
weapons testing or routine or nonroutine nuclear reactor operations and
fuel reprocessing. The rate at which plutoniumis renoved fromthe

atnosphere wi |l depend on the chem cal and physical properties of
particles to which it is adsorbed, as well as the neteorol ogica
conditions. The larger the particles, the faster fallout will occur.

The particle size expected to be released fromeither of the above
menti oned sources ranges from0.3 pmto 1.1 pm Based on conputer
nodel i ng, these particles are expected to reach the earth's surface
within 60 days of their release (NEA/ OECD 1981). The gl obal fall out
rate of plutonium 238, predonminantly fromthe SNAP-9 accident, as
determ ned by Harley (1980), is 0.002 pG/nf/day (7.4x10° Bg/ nf/ day)
based on plutoniumlevels neasured in surface soils. The gl obal
deposition rate of plutonium 239 and pl utonium 240 conbined is equal to
0.03 pCi/ni/day (1.1x10° Bg/ni/day) (Corey et al. 1982).

Pl ut oni um deposited on soil surfaces may be resuspended in the
at mosphere especially in areas that have |l ow soil noisture |evels, such
as the Nevada Test Site. In drier areas, the |evels of anbient airborne
dust are expected to be higher than in areas with normal rainfall
(Harl ey 1980). The hi ghest concentrations of plutoniumare likely to be
found in the fine silt-clay particle size range. Particles of this size
tend to be transported the farthest distance by wind and water (WHO
1983) .
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The transport and partitioning of plutoniumin soils depends on the
form of the conpound. The solubility of plutonium depends on the
properties of the soil, the presence of organic and inorganic conpl exing,
agents, the formof plutoniumthat enters the soil environment, and the
presence of soil microorganisns (Bell and Bates 1988; Kabata-Pendi as and
Pendi as 1984; WHO 1983; W/ dung and Garland 1980). Pl utonium fall out
fromthe atnosphere, for exanple, tends to be deposited primarily as the
i nsol ubl e di oxide (Harley 1980; WIldung et al. 1987). The nmjority of
plutoniumremains within the top few centineters of the soil surface as
t he dioxide form (WHO 1983). M croorgani sns can change the oxi dation
state of plutonium thereby either increasing or decreasing its
solubility.

Plutoniumw Il migrate in soils as the hydrolyzed ion or as a
conmpl ex, forned with organic or inorganic acids. Mewhinney et al.
(1987b) found that particles subjected to wetting and drying, such as
t hose found on the soil surface, released nore plutoniumthan soils
continually imersed in a solvent, such as that found in | akes. This
phenonmenon is attributed to the formation of a sol uble dioxide | ayer on
the particle's surface during the drying phase. Soil organi snms have
al so been found to enhance the solubility of plutonium (WIdung et al.
1987). Once plutoniumenters the soluble phase, it then becones
avai |l abl e for uptake by plants. The plutoniun(lV) oxidation state is
found in plants due to its ability to hydrolyze in the environnent
(Garland et al. 1981, 1987). Cataldo et al. (1987) postul ate that
reduction of the higher oxidation states, such as plutoniunmVl), occurs
prior to absorption/transport across the root nenbrane.

The behavior of plutoniumin surface waters is dependent upon the
oxi dation state and the nature of the suspended solids and sedi nents.
Plutonium(I11) and plutonium V) are considered to be the reduced forns
of plutoniumwhile plutoniumV) and plutoniun(Vl) are the oxidized
forns. The oxidized fornms of plutoniumare found in natural waters when
the concentrations of dissolved organic matter or dissolved solids are
|l ow (Nelson et al. 1987). Humic materials (naturally occurring organic
acids) were found to reduce plutonium(V) to plutoniumlV) in sea water
This was foll owed by adsorption of plutonium(lV) onto iron dioxi des and
deposition into the sedinents (Choppin and Morse 1987).

The partitioning of plutoniumfromsurface water to sedinents in
freshwater and marine environnments depends on the equilibrium between
pl utoni un(1V) and plutoniunmV), and the interaction between
plutoniun(1V) in solution and pl utoni um sorbed onto sedi nent particle
surfaces (NCRP 1984). Sorption onto marine clays was found to be
largely irreversible (H ggo and Rees 1986). Hi ggo and Rees (1986) al so
found that the initial sorption of plutoniumonto clays was effective in
renovi ng nost of the plutonium species that would be able to sorb onto
the clay. Wen sorption to carbonate mari ne sedi ments was investi gated,
it was found that sonme desorption fromthe surface would al so occur.
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Thi s behavior was due to the presence of pl utonium carbonate conpl exes
on the sedinent surfaces which were sorbed | ess strongly than pl utonium
di oxi de conpl exes (H ggo and Rees 1986). In fact, the formation of

p! ut oni um conpl exes with organi ¢ carbon causes plutoniumto remain in
solution as a conplex (NCRP 1984).

Pl ut oni um can be taken up fromvarious environnmental nedia into
pl ants and ani mals. The hi ghest concentrations of plutoniumin plants
are found in the roots where plutoniumis present as a surface-absorbed
pl ut oni um conpl ex, a stabilized conplex, or as a sol uble plutonium
complex (Garland et al. 1981). The concentration of plutoniumin soi
can be conpared with the concentration in plants to determ ne what
fraction present in soil reaches the plant. Soil to plant concentration
rati os of 1x10° to 2.5x10" plutoniumin wet vegetation/plutoniumin dry
soi |l have been cal cul ated based on radi oi sotope experinents in plants
grown in controlled environments. The stens and | eaves have | ower
overal |l concentrations of plutoniumthan the roots, but higher
concentrations of soluble plutonium The seeds were found to have | ow
concentrations of plutonium which indicated that plutoniumwas not very
mobile in plants (Cataldo et al. 1987). In studies on orange trees,
Pi nder et al. (1987) found that plutonium 238 was deposited on the |eaf
or soil surface, remmined there, and that no neasurabl e quantities were
transferred to the fruits. Gain crops grown near the Savannah River
Pl ant, Ai ken, South Carolina, were found to contain higher
concentrations of plutoniumthe closer to the facility they were grown.
During harvesting, plutoniumfromsoils or straw was resuspended and
m xed with the crop. Plutoniumin vegetable crops grown at Gak Ridge
Nati onal Laboratory, Oak Ri dge, Tennessee, contained higher plutonium
concentrations in the foliage biomass than in the fruit. Peeling of
pot at oes and beets renoved 99% of the residual plutonium (Adriano et al
1980) .

Plutoniumtransferred fromsoil or plants to grazing herbivores was
predom nantly associated with the animal's pelt and gastrointestinal
tract (Hakonson and Nyhan 1980). Rodents studied near the Los Al anps
and Trinity sites in New Mexico support this claim Hakonson and Nyhan
(1980) found no evidence of bioconcentration through the food chain from
soil to plants to rodents. They concluded that soil was the source of
plutoniumin rodents. In contrast, a study by Sullivan et al. showed
that rodents absorbed nore plutonium 238 when it was incorporated into
alfalfa (by growing it in soil containing plutonium than when it was
adm nistered in the inorganic form (Sullivan et al. 1980). This study
suggests that plutoniumbound to organi ¢ conmpounds may have increased
availability. However, the authors indicate that further study is
needed.

Pl ut oni um was found to bi oaccunul ate in aquatic organi sns,
primarily at the |ower end of the food chain. The bioconcentration
factors (i.e., the anpbunt of the chem cal found in the organi smdivi ded
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by the concentration in the surrounding water over the sanme time period)
were 1,000 for nollusks and al gae, 100 for crustacea, and 10 for fish
(WHO 1983). Plutoniumis concentrated in the bones of fish rather than
in rmuscle tissues, as seen by whole fish to nuscle tissue ratios of
2x10° to 5x10° or 40:1 (NCRP 1984).

5.3.2 Transformati on and Degradati on

Plutoniumis formed and transnuted through radi oactive decay.
Three comon types of radioactive processes involve the rel ease of al pha
or beta particles or gamma rays. Al pha decay results in the rel ease of
an al pha particle, which is a charged particle enitted fromthe nucl eus
of an atom having a mass and charge equal in magnitude to a helium
nucleus (i.e., two protons and two neutrons). In al pha decay, the
atomi ¢ mass of the nuclide is reduced by four and the atomni c nunber by
two. For exampl e, plutonium 239 undergoes al pha decay.to form urani um
235.

Beta particles are charged particles emtted fromthe nucleus of an
atomwi th a mass and charge equal in magnitude to that of an el ectron
In beta decay reactions, as the electron is ejected, the nunber of
protons in the resulting atomincreases, changing the atom c nunber of
the atom but not the mass. For exanple, plutonium 241 undergoes beta
decay to form americium 241.

A gamma ray is short wavel ength el ectromagnetic radiation emtted
fromthe nucl eus. Nuclei which have undergone transnutati on by al pha or
beta decay or by capture of a neutron often return to the ground state
by enission of gamma radiation. Addition of a neutron changes the
atom c mass or isotope nunber of the elenment but not the atomic nunber,
as seen by the formation of plutonium 242 from pl utoni um 241.

The chemical transformation reactions plutoni um undergoes in the
environment are primarily oxidation and reduction reactions. There are
five oxidation states found in the environment. These are
plutoniun(li1), plutonium1V), plutoniumV), plutoniumVl), and
plutoniumVI1). The last, plutonium(VIl), is not conmmonly found and it
is only found under very al kaline conditions. The dom nant oxi dation
state of plutoniumin the environnent is plutonium(lV) (WIldung et al.
1987).

5.3.2.1 Ar

Pl ut oni um does not undergo transfornati on processes in the air

beyond those related to radioactive decay. Radi oactive decay will be

i mportant for the short-lived isotopes with half-lives |ess than the
average residence tine in the troposphere of approximately 60 days. For
exanpl e, plutonium 237 has a half-life of 46 days and undergoes el ectron
capture to form neptuni um 237 which has a half-life of 2.1x10° years
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(Nero 1979). Therefore, neptunium 237 may formin the stratosphere
prior to deposition of plutonium237 on the earth's surface as fallout.

5.3.2.2 Wat er

The inmportant chem cal transformation process in surface water is
the oxidation or reduction of plutonium In waters with | ow suspended
solids, plutoniumis generally found in oxidized forns, dissolved in the
water. In waters with high suspended solids, plutoniumis generally
reduced and sorbed onto either suspended solids or sedinents (Choppin
and Morse 1987; Hi ggo and Rees 1986; Nelson et al. 1987).

Pl ut oni um behaves differently than nmany other inorganic elenments il
that it can exist simultaneously in four oxidation states over a range
of pH val ues. Under acidic conditions, the nature of the conpl exing
i gands present in solution will influence the oxidation state of
pl utonium The presence of fulvic acid (a naturally occurring organic
acid) facilitates the reduction of plutoniunm(IV) to plutoniun(lll),
especially below pH 3.1. The reduction of the higher oxidation states
appears to be even | ess dependent on pH, especially below pH 6
(Bondietti et al. 1976).

5.3.2.3 Soi |

Pl utonium found in soils nay undergo the sane oxi dation/reduction
reactions described for surface waters in places where soil contacts
water. In addition to oxidation/reduction reactions, plutoniumcan
react with other ions in soil to form conpl exes. These conpl exes may
t hen be absorbed by roots and nove within plants; however, the relative
upt ake by plants is low In plants, the conplex can be degraded but the
elemental plutoniumw |l remain

5.4 LEVELS MONI TORED OR ESTI MATED I N THE ENVI RONVENT
541 Air

Tabl e 5-1 sunmarizes plutoniumlevels nmeasured in air at nine
different locations. Since 1945, when the first nucl ear weapon test at
Al ampgor do, New Mexi co, was conducted, approximately 360 kG (1.3x10%
Bg) of plutonium 239, -240 have been released into the atnosphere from
vari ous sources. The accidental burn up of the SNAP-9 satellite added
17 kG (6.3x10" Bg) to the higher altitudes of the atnosphere (Perkins
and Thomas 1980).

A 15-year study (1966 to 1980) in Pal omares, Spain, reported |levels
of plutoniumin air near the site of a crash between a United States
ilitary aircraft carrying four nuclear bonbs, and a tanker aircraft
following the cl eanup of the contam nated area (lranzo et al. 1987).

(0]
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TABLE 5-1. Plutonium Levels Detected in Air

Location Quantity Study Comments
[pCi/m® (Bg/m®))

Spain, weapon accident:

Urban area 1.5x107% (5.5x10°6) 239.280p, Iranzo et al. 1987 Average over 15
years
Near farm land 1.4x1073 (5.2x1075) 239.240p,
Savannah River Plant:
First year: 3.1x10°5 (1.2x10-6) 238py Corey et al. 1982  Cumulative concen-
1.5%x10°5 (4.3x10-7) 239,240p, trations over one-
Second year: 1.15x10°3 (5.6x10°5) 238py year time period
3.2x10°5 (1.2x10-6) 239.240p, (not an average)
Rocky Flats facility:
im 2.2x10-3 (8.1x10-5) 239,240p, Volchok et al. 1977 Average concentra-
1 km 4.6x107% (1.7x10-5) 239.240p, trations over 7
2.5 km 7.0x10°5 (2.6x10-6) 239,240p, years
New York City 3.4x10°5 (1.3x10-6) 239,240py, Volchok et al. 1977 Average concentra-
’ trations over 7
years
New York City 3.0x10-5 (1.1x10-6) 239py Hardy 1973 Typical radioactivi-
1.0x10°5 (3.7x10-7) 238py ty concentrations

in ground-level air
(no further specifi-
cation)
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Air sanpling conducted continuously for 2 years (1975 to 1977) near
the Savannah River Pl ant neasured the average yearly concentrations of
pl ut oni um 238 and of plutonium 239, -240. The data for the first and
second years of the study are presented in Table 5-1 (Corey et al.
1982). The data in Table 5-1 indicate that rel eases fromthe Savannah
River Plant and | evels detected in New York City (Hardy 1973) are on the
sane order of nmagnitude and are nuch | ower than those observed in
Pal omares, Spain, follow ng the cleanup of the weapon acci dent.
Continuous air sanpling in the vicinity of the Rocky Flats facility
near Denver was initiated in 1970. The data in Table 5-1 are from
| ocations 50 nmeters, 1 kiloneter, and 2.5 kmfromthe facility and are
arithnetic neans of data from sanpling years 1970 to 1976. For purposes
of conparison, sanpling data for New York City for the sane tine
interval are included. Data fromall four |ocations indicated declining
| evel s followi ng 1971 (Vol chok et al. 1977).

5.4.2 Wat er

Tabl e 5-2 presents plutoniumlevels detected in several surface
wat ers and groundwaters. The Pacific Ocean was sanpled for plutonium
and Northern Pacific concentrations were, on the average, greater than
t hose detected in the Southern Pacific for both plutonium 239, -240 and
pl ut oni um 238 (M yake and Sugi nura 1976). The pl utonium content of the
particulate matter in three South Carolina estuarine systens was
i nvestigated by Hayes et al. (1976). The Neuse and Newport River
estuaries received plutoniumonly through atnospheric fallout: the
Savannah River estuary received effluent fromthe Savannah Ri ver Plant.
Concentrations detected in the three estuaries are conparable. Raw
wat er sanples taken fromthree | ocations on the Savannah River were al so
found to contain levels conparable to the Savannah River estuary sanpl es
(Corey and Boni 1976). The estuarine and river concentrations were
greater than the Pacific surface water sanples, but were on the sane
order of magnitude as seawater sanples taken from Tronbay (Bonbay,
India) (Pillai and Mathew 1976). These results indicate that plutonium
is found throughout the gl obe but that the highest concentrations of
plutoniumin water are found near source areas.

The groundwat er at Enewetak Atoll and near the Idaho Nationa
Engi neering Laboratory disposal well were found to contain plutonium
239, plutonium 240 and pl utoni um 238, respectively (O evel and and Rees
1982; Noshkin et al. 1976). The isotope conposition differs in the two
areas (Table 5-2), and the levels detected in |Idaho were, on average,
| ower than those detected at Enewetak Atoll. The range of groundwater
concentrations at the Nevada Test Site was greater than the range
detected in either of the other two groundwaters (Gonzal ez 1988).
Rai nwat er sanpl es taken from Tronbay (Bonbay, India) in 1971 were
reported to contain plutonium 239 concentrations greater than those



TABLE 5-2.

99

5. POTENTIAL FOR HUMAN EXPOSURE

Plutonium Levels Detected in Water

Location

Quantity
pCi/L (Bq/L)

Reference

North Pacific surface water

South Pacific surface water

Enewetak, South Pacific:

Groundwater

Idaho National Engineering

Laboratory:

Groundwater

South Carolina:

Estuarian waters

River waters

Trombay, India:
Rainwater

New York City:
Drinking water

Nevada Test Site:
Groundwater

2.2x10"% to 9.4x10-4 238py g 239,240py

(8.2x10°6 to 3.5x10-5)

1.3x10°% to 3.4x10-4 238p, g 239,240p,

(4.8x10"6 to 1.3x10-5)

2.0x10°4 to 2.8x10-1 239,240p,
(7.4x107% to 1.0x10-2)

1.1x10-2 to 7.8x10-2 238py
(4.1x10-% to 2.9x10°3)

1.7x10°% to 2.5x10-3 239,240p,
(6.3x1076 to 9.4x10°5)

4.3x10°% to 2.3x10-3 239,240p,
(1.6x10°5 to 8.3x10°5)

8.2x10"2 (3.0x10-3) 239py
4x10-3 to 2x10-2 239py
(1.5%x10°% to 7.4x10°%)

8x10-5 to 6.1x10-% 239,240p,
(3.0x10°6 to 2.3x10-5)

4,2x1072 to 2.6 239y
(1.6x10"3 to 9.6x10°2)

Miyake and Sugimura 1976

Noshkin et al. 1976

Cleveland and Rees 1982

Hayes et al, 1976

Corey and Boni 1976

Pillai and Mathew 1976

Bogen et al. 1988

Gonzalez 1988
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detected in seawater fromthe sane area, as seen in Table 5-2 (Pillai
and Mat hew 1976) .

Pl ut oni um concentrations in the New York water supply measured
bet ween 1974 and 1979 showed a peak concentration of plutonium 239, -240
in the summer of 1974 which fell within the range of other surface
wat ers anal yzed (Table 5-2). The | ow concentration detected during the
foll owi ng autumm was bel ow t he concentrations detected in other waters
(Bogen et al. 1988).

5.4.3 Soil

Average fallout levels in soils in the tenperate United States are
about 2, 100, 000 pGi/knf (7.8x10* Bg/ knf) pl utoni um 239, -240 and 50, 000
pCi / knf (1.9x10° Bg/ knf) pl ut oni um 238 (Hanson 1975). Mean deposition
rates of stack-released plutonium 238 to soils around the Savannah Ri ver
Pl ant range from0.008 to 0.64 pCi/nf/day (3.0x10" to 2.4x10°?

Bg/ nf/ day) . The range for plutonium 239, -240 was found to be 0.027 to
0.36 pCi/nf/day (1.0x10° to 1.33x10° Bqg/ nf/day). The | ower

concentrations were neasured 9 kmfromthe plant and the higher
concentrations were neasured 0.23 kmfromthe plant (Corey et al. 1982).

Plutoniumlevels in soils at Rocky Flats, Colorado, were anal yzed
by Little and Whicker (1978). Plutoniumconcentrations in soil sanples
collected to a depth of 21 cm had pl utoni um concentrati ons ranging from
1,400 to 59,000 pG/kg (52 to 2,200 Bg/kg). A recent study on particle
size and radionuclide levels in Geat Britain soils reported plutonium
238 levels detected at a range of 200 to 18,000 pCi/kg (7.4 to 676
Bg/ kg) and plutonium 239, -240 |levels detected at a range of 800 to
83,000 pCi/kg (29.6 to 3,070 Bg/kg) (Livens and Baxter 1988). Core
sanpl es of surface soil at the Maxey Flats facility, where radi oactive
wastes were buried, were reported to contain a nean concentration of
1.9x10° pG/kg (67 Bg/kg) of plutonium 238 and 22,000 pGi/kg (8 Bg/kg)
of plutonium 239 and pl utoni um 240 ( NEA/ OECD 1981).

Pl ut oni um concentrations found in Lake M chigan sedinents were
reported to range from35 to 250 pG/kg dry sediment (9.5x10* to
6.8x10* Bqg/kg) (Edgington et al. 1976). It was estimated in this
report that radioactivity in the sedinments was confined to the upper 6
cmof the sedinents, and in many of the core sanples, no radioactivity
was detected below a depth of 3 cm

5.4. 4 O her Medi a

A 1972 study on plutoniumlevels in the diet reported
concentrations of plutonium239, -240 ranging from <2x10' pCi/g
(<7.4x10° Bg/g) for canned fruit to 1.1x10"* pG/g (4.1x10° Bg/g) in
shell fish (Bennett 1976b). O the shellfish sanpled in this report
(clams and shrinp), clans showed eight tines the |evels of plutonium
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found in shrinp. Fish and shellfish sanpled in the Wndscal e and
hbrtheast areas of the Irish Sea were reported to contain between
2.0x10“pCi/g (7.4x10° Bg/g) (herring nuscle) and 2 pCi/g (0.074 Bqg/ Q)
(soft parts of mnussel) (Hetherington et al. 1976).

5.5 GENERAL POPULATI ON AND OCCUPATI ONAL EXPOSURE

Dai ly ingestion of plutonium 239, -240 in food in Japan between
1978 and 1980 due to atnospheric fallout was estimated to be 0.0045
pCi/day (1.7x10"* Bg/day) (Hi samatsu et al. 1987). In 1974, the nean
i ntake of plutoniumin New York City from all sour ces |nclud|ng tap
wat er was reported to be 0.0044 pGC/day (1.6x10°Bqg/day) (Bogen et al.
1988). This sanme value was reported for daily intakes of plutoniumin
Italy from 1975 to 1978 (Bennett 1976b). Ingested plutoniumis poorly
absorbed fromthe gastrointestinal tract, although the form of plutonium
wi Il influence absorption (I CRP 1982).

The isotope of plutoniuminhaled will affect its behavior in the
body. The bones and the liver are the primary organs for pl utonium
deposition followi ng translocation in the body (I CRP 1982). However,
Mclnroy et al. (1989) indicate that nuscle tissue may al so be a site of
deposition. Plutonium 238 dioxide is nore rapidly translocated fromthe
 ungs than plutonium 239 dioxide thereby causing nore plutonium238 to
be concentrated in other body tissues (I CRP 1982).

Mean concentrations of plutonium 239, -240 in human t|ssues from
aut opsy specinens in Japan ranged fron10 00025 pCi/g (9.3x10° Bg/ Q)
(cerebrum to 0.0015 pG /g (5.4x10° Bg/g) (gonads) fresh weight
(Taki zawa 1982).

Wenn and Cohen (1977) reported plutonium239 levels in tissues
derived from 12 autopsy cases in New York City from 1973 to 1976.
Aver age | evel s for lung, liver, vertebrae, and gonads were 0.00024 pCi/g
of tlssue (8.9x10° Bg/g), O. 0007 pG /g (2 6x10° Bg/g), 0.00017 pG /g
(6.3x10°Bg/g), and O. 0004 pCi/g (1.5x10° Bg/g), respectively.

Ti ssue sanpl es from aut opsy cases of nonoccupationally exposed
i ndividuals fromGeat Britain showed nedi an pl utonium 239, -240 |levels
for ribs, vertebrae, fenur, Ilver and | ungs of 0.00016 pCi/g (5.9x10°
Bg/ g), 0.00012 pCl/g (4 4x10°° Bg/ g), 0.000095 pCi/g (3. 5x10 Bag/ g),
0. 0007 pCi/g (2.6x10° Bg/g) and O. 000049 pCi/g (1.8x10° Bg/g),
respectively. Conparable sanples taken from autopsy cases from a regi on
in Geat Britain |located near a plutonlun1proce35|ng pl ant had mnedi an
concentrations of 0.00022 pCl/g (8.1x10° Bg/g), 0.00019 pCl/g (7.0x10°
Bg/g), 0.00015 pGi/g (5.6x10° Bg/g), 0.00014 pCl/g (5.2x10° Bg/g) and
0.00018 pC /g (6.7x10-6 Bqg/g) for those tissues nentioned above
(Popplewel |l et al. 1988).



102

5. POTENTI AL FOR HUMAN EXPOSURE

The esti mated 50-year dose conmm trent from plutoniumfor people in
the north tenperate zone due to atnospheric tests conducted before 1973
is 0.2 nmrad (0.002 nGy) to the bone Iining cells (Ei senbud 1987). [The
gray is an Sl unit of absorbed dose and is equal to 0.01 rad.] The
aver age annual dose equivalent fromall background radiation to an
i ndividual residing in the United States is estimated to be 360 nrem
(3.6 nBv) (NCRP 1987). [The sievert is an SI unit of dose equival ent
and is equal to 0.01 rem]

5.6 POPULATI ONS W TH POTENTI ALLY HI GH EXPOSURES

I ndi vi dual s enpl oyed at facilities using plutoniumor uranium have
hi gh exposure potentials. Voelz et al. (1985) studi ed workers who
participated in the Manhattan Project to determine if they had been
exposed to |l evels of plutoniumwhich would result in adverse health
ef fects. Exanination of the study group showed that their health was as
good, if not better, than the general population. Simlar results were
reported by Wl kinson et al. (1987) for individuals enployed at a
pl ut oni um weapons facility. These authors found, however, that
i ndividuals with body burdens >2,000 pC (>74 Bg) had a slightly higher
mortality fromall causes of death and from | ynphopoietic neoplasns than
that found in enployees with body burdens <2,000 pG (<74 Bqg). (See
Section 2.2.1.8 for a nore conpl ete di scussion of this study.)

Cobb et al. (1982) obtained autopsy tissues fromindividuals who
had Iived in one of three areas around the Rocky Flats facility (449
decedents) and fromindividuals who had |ived outside of these areas for
use as control data. Total plutoniumburden, as well as the ratio of
pl ut oni um 239, -240, were neasured in lung and liver tissues fromthese
i ndi viduals. Next of kin were interviewed to assure that none of the
study popul ation had been exposed to plutoniumfrom sources other than
fall out and/or environnmental contam nation fromthe Rocky Flats
facility, and to obtain information on snoking history. Miultiple
regressi on anal yses suggested that plutoniumburden is related to age,
sex, and snoking history, but showed no definitive relationship to
resi dence near the Rocky Flats facility. The correlation of plutonium
burden wi th snmoking (neasured i n pack-years) indicated that snokers
coul d be a population at risk for increased body burden. The authors of
the study hypothesize that this may result from damge to the clearing
mechani sns of the lungs, resulting in a decrease in the rate of natural
el i m nation of particles.

I ndividuals living near facilities which utilize plutoniumin the
operati ons may have hi gher exposure potential due to regular rel eases
t hrough stack-em ssions or waste water. In addition, atnospheric
fallout to the soil can result in secondary rel eases due to dust
generation while farm ng or due to uptake by crops and subsequent
i ngestion of contam nated crops (Corey et al. 1982).
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Individuals living in Pal omares, Spain, were exposed to plutonium
after the dispersal of the plutoniumin two bonbs rel eased during the
mdair collision of two airplanes (lranzo et al. 1987). Exposure via
i nhal ati on due to the resuspensi on of contaminated soil was studied for
15 years followi ng the rel ease. Those individuals |iving near
cultivated lands with the hlghest contam nation received a cunul ative
total of 52.3 nrem (5.2x10" nBv) from 1966 to 1980 while those in the
ur ban ar ea of Palomares, farther away fromthe source, received 5.4 nrem
(5.4x10% nBv) (Iranzo et al. 1987).

Kathren et al. (1987) determned | evels of plutonium 239 at autopsy
in bones of an individual known to have had occupatlonal exposure to
plutonlun1 Val ues ranged from1.9x10° to 1.14x10° pCi/g ash (7. 0x10°
to 5.0x10° Bg/g ash), with the highest value detected in the scapul a.

Kat hren et al. (1988) found a greater percentage of plutonium 238 in the
skel eton than pl utoni um 239.

Kawanura (1987) estimated the plutonium 239, -240 inhal ation intake
of visitors to Kiev after the Chernobyl accident to be 0.8 pG /day
(0.03 Bg/day) during peak fallout exposure.

5.7 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, directs the Adm nistrator of ATSDR (in
consultation with the Adm ni strator of EPA and agenci es and prograns of
the Public Health Service) to assess whether adequate information on the
health effects of plutoniumis avail able. Were adequate information is
not avail able, ATSDR, in conjunction with the NTP, is required to assure
the initiation of a programof research designed to determ ne the health
effects (and techni ques for devel opi ng nethods to determ ne such health
effects) of plutonium

The followi ng categories of possible data needs have been
identified by a joint team of scientists from ATSDR, NTP, and EPA. They
are defined as substance-specific informational needs that, if net would
reduce or elinmnate the uncertainties of human health assessnment. In

the future, the identified data needs will be evaluated and prioritized,
and a substance-specific research agenda will be proposed.
5.7.1 Identification of Data Needs

Physi cal and Chemical Properties. The physical and cheni cal
properties of plutoniumhave been studied. The information is adequate
to permt estimation of plutonium s environnmental fate.

Production, Use, Release, and Di sposal. The potential for hunan
exposure to plutoniumis great due to its ubiquitous presence in the
environment, resulting fromrel eases from production facilities and from
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weapons testing, and its radiological half-life. However, the |evel of
exposure to plutonium may be small. The production and use of plutonium
238-243 are well documented. There is little information regarding the
production of plutonium 237. The anounts of these plutoniumisotopes
produced for various applications have been docunented; however, the
nmost current information is from 1974. Mre recent data is needed in
order to conpare past and present production and to project future
production. The majority of information on the production and use of
plutoniumis classified in the nation's defense program Information on
past maj or rel eases of plutoniumfrom weapons testing and fromthe

expl osi on of a navigational satellite is available. However, current
informati on on rel eases fromproduction facilities is unavailable and is
needed in order to nonitor popul ations that m ght be exposed. The

di sposal of plutoniumprior to 1970 is docunented, but again, nore
recent information regarding amounts being held for mandated di sposal in
t he proposed hi gh-Ievel disposal facility is needed. Rules and
regul ati ons for the disposal of plutoniumhave been established and
these are reported in Chapter 7.

Environnmental Fate. The major transport processes involved in the
environnmental fate of plutonium as it relates to potential human
exposure, have been fairly well defined. These processes i ncl ude
transport in the atnosphere when adsorbed to particulate matter and dry
or wet deposition on land and water. Information on environnental
conpartnments, such as flux rates, and the nechanisnms and rates of
several processes involved in the biogeochem cal cycling of plutonium
are still undefined. The data avail abl e regardi ng uptake of pl utonium
by plants are limted. There is sone information regarding the
conversion of the oxidized forms of plutoniumto reduced forns foll owed
by uptake into plants. Information regarding the influence of inorganic
compl exes on transport and regardi ng the nedi a-specific effects of pH on
the oxidation states of plutoniumwould be useful in order to nore fully
under stand transport processes. The persistence of plutoniumi sotopes
is well docunented. Transformation of plutoniumis through radi oactive
decay or chenical oxidation/reduction reactions. These processes have
been wel |l characterized.

Bi oavail ability. Plutoniumis known to be absorbed foll ow ng
i nhal ati on exposure. Bioavailability follow ng oral and dermal exposure
is very | ow, however, plutoniumcan be absorbed from contam nated
wounds. Bioassay data are avail abl e on absorption fromcontaninated air
and water. However, information on the inpact of the val ence state of
pl ut oni um on absorption follow ng oral exposure is anbival ent. Such
information is needed in order to address the inmpact of chlorination of
drinking water, which results in a change in the val ence of plutonium
fromplutonium(IV) to plutoniumV1l). Therefore, further testing is
i mportant to determne the rel evance of this change in val ence state.
No data were | ocated on absorption fromingestion of soil or plant
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material. Such information is needed in order to quantify the potenti ail
exposure by this route, particularly when children nay ingest soil when
pl ayi ng near NPL sites.

Food Chai n Bi oaccumul ati on. Pl utoni um has been shown to
bi oconcentrate in aquatic organisns at the | ower end of the food chain.
However, data do not indicate that plutoniumis bioconcentrated in
pl ants, higher aquatic organisnms, or animals. In addition, there is no
i ndication that plutoniumis biomagnified in terrestrial or aquatic food
chains. No additional information on bioaccumnul ati on appears to be
necessary at this tine.

Exposure Levels in Environnental Media. A nunber of studies have
been performed throughout the years on the fallout associated with the
testing of nuclear weapons. Information is available on levels in air,
water, soil, plant materials, and foodstuffs. However, no recent data
are available on levels in these nedia. In particular, information is
very limted on levels in nedia associated with areas surroundi ng waste
sites. Such information is needed in order to quantify the potenti al
exposure via these sources. Data are not avail able on estimtes of
human intake via specific nedia. This information woul d be inportant in
determ ning the inpact of exposure through each of these nedia.

Exposure Levels in Humans. Plutoniumis neasurable in urine and in
lung, liver, and bone tissues obtained fromautopsy. It is plausible to
expect that occupationally exposed popul ations are routinely
bi ononi tored through urinalysis. However, such data are not made
avai |l abl e and are needed to quantify exposure to these individuals. In
addition, no information is avail able on biononitoring of individuals
around NPL sites where plutonium has been found or of the genera
public. This information is needed so that exposure to these
popul ati ons may be quanti fi ed.

Exposure Registries. No exposure registries for persons
environnmental |y exposed to plutoniumwere | ocated. Plutoniumis not
currently one of the substances for which a subregistry has been
established in the National Exposure Registry. The substance will be
considered in the future when chem cal selection is nmade for
subregi stries to be established. The information that is anassed in the
Nati onal Exposure Registry facilitates the epideniol ogi cal research
needed to assess adverse health outcones that may be related to the
exposure to this substance.

5.7.2 On-going Studies

Long-termresearch studies on the environnental fate of plutonium
have not been identified. However, with the Chernobyl accident, it is
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anticipated that new infornmation regarding the transport and fate of
materials rel eased during the accident will becone avail abl e.

N.P. Singh (University of Utah) is determ ning the concentration
and accunul ation of plutoniumin different organs of the younger
popul ation of the United States, who were born after 1963. Anot her
study includes determ ning the concentrations of plutonium 238,
pl ut oni um 239, and plutonium 240 in the liver, kidney, and bone of 30
people who lived in northern Ut ah.

C.R dsen (Cak Ridge National Laboratory), along wth other
researchers, is investigating whether radionuclides released fromthe
Depart nment of Energy Savannah River facilities m ght be useful
environnmental tracers. The study includes transport pathways, transfer
rates, and geochemical fate of plutoniumin the Savannah Ri ver estuary.
R E. WIldung at Pacific Northwest Laboratory is studying the influence
of soil, soil mcrobial, and plant processes on behavi or and cycling of
cationic elenments (including plutonium) in terrestrial environnents.

The behavi or of long-lived radionuclides in natural water (WR
Penrose, Argonne National Laboratory) and the behavior of falloutderived
plutoniumin estuarine sedinments as a function of various
envi ronnment al paraneters (H. J. Sinpson, Colunbia University) have been
under investigation. The study by Sinpson includes determ ning factors
whi ch control the distribution of plutoniumin the sedinents of the
Hudson Ri ver. Studies by Noshkin and Penrose include characteri zing
rates and nechani sms of various physical and chem cal processes that
control the behavior of such pollutants, and characterizing the
i nportance of oxidation states and natural conpl exi ng agents on the
sorption behavi or of plutonium and other radionuclides.

CGeochem stry of plutoniumin the Gulf of Mexico is being studied by
MR Scott (Texas A&M University). Plutoniumisotopes will be neasured
in both oxic and anoxic sedinments in the Gulf of Mexico and in suspended
sedinments frommajor rivers enptying into the Gulf.

G R Choppin (Florida State University) is investigating the
synergi stic reaction of actinide-TTA conpl exes with brown ether adducts
in benzene solutions and interaction of plutoniumand other transuranic
el enments with the conponents of marine sediments under different
conditions. The interaction of plutonium 238 di oxi de heat source with
the marine environnment is also under investigation by H V. Wiss (Naval
Coastal Systens Center).



